This study presents the evaluation of different polymeric membranes for the reclamation of wastewater generated by two manufacturers. Specifically, ultrafiltration (UF) membranes were evaluated for wastewater pretreatment use while nanofiltration (NF) and reverse osmosis (RO) membranes were evaluated for wastewater reclamation use. Results show that both the UF membranes used were not suitable for pretreatment of the oily wastewater stream due to the presence of suspended cathodic electrodeposition (CED) paint particles. The CED paint particles rapidly deposit on the membrane surface resulting in severe fouling and very low permeate fluxes. With respect to the metals and beverage wastewater streams, the polyvinylidine-difluoride (PVDF) UF membrane was shown to be more suitable for pretreatment than the polyacrylonitrile UF membrane. The PVDF-UF membrane had relatively lower flux decline rates, higher turbidity and higher total organic carbon reduction rates. Meanwhile, the lowpressure RO membrane proved to be suitable for wastewater reclamation of the oily and beverage wastewater streams -showing low flux decline rates, high conductivity and high chemical oxygen demand reduction rates. In terms of reclaiming the metals wastewater stream, the NF membrane proved more suitable than the low-pressure RO membrane. The NF membrane had relatively higher permeate fluxes and metals rejection rates compared to the RO membrane.
INTRODUCTION
A number of researchers have shown that certain types of membrane can be used to treat the various wastewaters generated during car manufacturing and beverage production.
For example, it was shown in our previous work (Agana et al. , ) that a 50 nm ceramic ultrafiltration (UF) membrane can be used to recover wastewater generated at a car manufacturer's post-electrodeposition rinsing stage.
Likewise, Anderson et al. () showed that a cellulose acetate reverse osmosis (RO) membrane can work successfully in reclaiming wastewater generated from an automotive electrocoat painting process. In terms of beverage production, Tay & Jeyaseelan () demonstrated the viability of a combined UF and RO treatment system in the reclamation of bottle-washing wastewater. They concluded that the combined UF and RO system not only reduces freshwater consumption but also conserves energy.
Membranes have also been shown to work successfully in treating similar wastewater streams generated by different production facilities. For example, in an experiment involving the treatment of vegetable-oil-contaminated factory wastewater, using a polysulfone UF membrane (Mohammadi & Esmaeelifar ), reductions in water quality parameters such as chemical oxygen demand (COD), total were obtained when a cellulose acetate UF membrane was used for treatment of spent solvent rinses from nickel-plating operations (Qin et al. ) . The retention rates for emulsified solvent and oil and grease were reported to be 96 and 80%, respectively.
Although a number of investigations have been carried out on the membrane treatment of wastewater generated by car manufacturing and beverage production processes individually, to the best of our knowledge, no work has been carried out that compares the suitability of identified membranes in reclaiming wastewater generated by these contrasting large industries.
The work described in this paper aimed to determine the suitability of selected polymeric membranes (UF, nanofiltration (NF) and RO) for the reclamation of wastewater generated at the production facilities of a car manufacturer and a beverage producer. Wastewater streams generated at these production facilities have substantial volumesmaking wastewater reclamation desirable in order to reduce excessive water consumption. The suitability of the selected membranes was evaluated based on reduction/ rejection rates in relation to critical water quality parameters, permeate flux decline rates and power usage.
Likewise, to visualize the degree of fouling on the membrane surface, fouled membranes were analysed using a field emission scanning electron microscope (FESEM). In general, the UF membranes were evaluated for pretreatment of wastewater whilst the NF and RO membranes were evaluated for wastewater reclamation.
METHODS Wastewater samples
Actual wastewater samples were obtained from a car manufacturer and a beverage producer operating in the western suburbs of Melbourne, Australia. The samples were collected in 20 L containers and kept in a cold room at a temperature of 4 W C. Prior to every experiment, a specified sample volume is transferred into a stainless steel container.
The container is then left for a couple of hours inside the laboratory to bring up the wastewater temperature to ambient level. All samples were used within 48 hours of collection. 
UF membranes

NF and RO membranes
Both the NF (DL series) and low-pressure RO (AK series) membranes used in the experiments were supplied by GE Osmonics. The NF membrane is a thin-film membrane having an approximate MWCO of 0.15-0.30 kD for uncharged organic molecules. Similar to the NF membrane, the RO membrane is also a thin-film membrane having high flux and a NaCl rejection rate of approximately 99.0%. The NF membrane was specifically tested on the metals wastewater sample and the RO membrane was tested on all the wastewater samples.
NF and RO membranes preparation
All NF and RO membranes used in the experiments were soaked in deionized water overnight to remove any surface impurities. Prior to using the NF and RO membranes, a wetting protocol was followed (Mänttäri et al. ; Jezowska et al. ) . In this case, deionized water having an average conductivity of 2 μS cm À1 was pumped into the membrane for 15 min. The pressure and temperature of the deionized water was maintained at 2.5 MPa and 25 W C respectively throughout the wetting period.
Membrane filtration system
A schematic diagram of the membrane filtration system used in the experiments is shown in Figure 1 . A variable speed pump with ½ hp motor was used to deliver wastewater into the flat sheet test cell (Sterlitech CF 042 Development Cell). Membrane permeate was collected into a container and weighed and reject water was returned into the feed tank to facilitate increase of feed water concentration and fast track the rate of membrane fouling. The feed tank was submerged halfway into a water bath to maintain the temperature within a specified range. Operating parameters such as power usage, pressures, temperatures, weights and water qualities (pH and conductivity) were monitored at set intervals using probes and recorders connected to a computer.
UF experiments
Wastewater samples collected were directly used as feed 
Analytical methods
The size distribution and zeta potential (ζ) of particles in the actual wastewater samples were measured using a Malvern
Zetasizer Nano Series (Nano-ZS). Turbidity measurements were carried out using a La Motte 2020 Series Turbidity
Meter. The reduction/rejection rates (% P R ) of the critical water quality parameters previously mentioned were calculated using Equation (1):
where P F is the parameter concentration in the feedwater (mg L À1 ) and P P is the parameter concentration in the membrane permeate (mg L
À1
).
After each experiment, used membranes were washed with deionized water and air dried at ambient temperature.
Representative portions of each air-dried membranes were cut (approximately 1 cm 2 ) and mounted on aluminum stubs with carbon tape. They were then coated with a layer of gold and analysed under a FESEM (Philips XL30 FEG).
RESULTS AND DISCUSSION
Pure water flux
Experiments aimed at establishing the relationship between pure water flux (PWF) and TMP were carried out prior to commencing actual wastewater experiments. Distilled water (conductivity of 2 μS cm À1 ) was used as feed to ensure that no form of fouling will occur during filtration.
Results showed that PWFs of the polymeric membranes were highly correlated (R 2 > 0.99) with TMP as shown in hydrophilicity/hydrophobicity). For example, the MW membrane was designed to be extremely hydrophilic and it might be expected to have higher water fluxes than the hydrophobic JW membrane. This scenario is similar to the PWFs obtained for NF and RO membranes (Figure 2(b) ).
An NF membrane has relatively looser pores compared to an RO membrane and is expected to have a higher PWF. 
Characteristics of wastewater samples
The particle size distributions for the wastewater samples collected are shown in Figure 3 . The oily and metals wastewater samples obtained from the car manufacturer have particle sizes ranging from 90 to 532 nm (mean diameter 245.5 nm) and 18 to 397 nm (mean diameter 134.1 nm) respectively. In contrast, wastewater samples from the beverage producer have particle sizes in the range of 24 to 5,560 nm (mean diameter
nm).
The average ζ of the particles present in the wastewater samples collected are shown in Table 1 . The values of ζ for both the metals and beverage production wastewater samples suggest that the particles present have incipient instability (ASTM ), and thus particle aggregation may occur. Particle aggregation is not considered to be a problem during UF because the more the particles aggregate, the better. Larger particles have higher hydrodynamic forces acting on them and therefore are more likely to be swept away from the membrane surface. In contrast, the ζ of particles found in the oily wastewater sample suggests that the particles have good stability and are well dispersed in solution, thus aggregation is unlikely to happen. In this particular case, the particle sizes present in the oily wastewater sample can be assumed to be the same throughout the experiments.
Therefore, the possibility for the finer suspended particles to deposit on the membrane surface is high.
The typical characteristics of the wastewater samples used in the experiments are shown in Table 2 .
UF experiments
Permeate fluxes (J, m 3 m À2 s À1 ) were calculated using Equation (2):
where W is the weight measured by the balance (kg), A M is the effective membrane area (m 2 ), t is the sampling time (s).
To account for temperature variations, all permeate fluxes were standardized at a temperature of 20 W C using Equation where J 20 W C is the flux at a standard temperature of 20
Both the JW and MW membranes showed the same flux decline profiles when tested on the oily wastewater sample (Figure 4(a) ). A rapid decline in flux was observed for 2 hours followed by a gradual decline throughout the remainder of the experimental run. Of the two membranes tested for this wastewater sample, the MW membrane showed the worst flux decline rates at all TMPs used, which can be explained by considering the membrane's permeability. As noted previously, the pure water permeability of the MW membrane is significantly higher than for the JW membrane The relatively improved performance of both membranes for the metals wastewater sample can be attributed to the instability of the particles present in this wastewater.
As mentioned previously, the instability of the suspended particles will promote aggregation. It may be argued that because particles present in the metals wastewater sample have a tendency to aggregate, the cake layers formed on the surfaces of both membranes (Figures 7(a) and 7(b)) were more porous compared to the cake layers formed in experiments on the oily wastewater sample. Likewise, the dominant fouling mechanism during the experiments can be deduced to be cake layer formation. Notably, the highest TOC reduction for both membranes was obtained from UF experiments involving the beverage production wastewater sample, the TOC reduction rates being above 80%, suggesting that most of the TOC content of the beverage production wastewater may be associated with suspended solids.
NF and RO experiments
Similar to the UF experiments, the permeate fluxes for both the NF and RO membranes were calculated using Equation (2). To account for temperature variations, all permeate fluxes were standardized at a temperature of 25 W C using Equation (4):
where J 25 W C is the flux at a standard temperature of 25
and TCF is the temperature correction factor (dimensionless). The TCF can be estimated using Equation (5) (Crittenden et al. ):
where T M is the measured temperature ( W C). (Table 2) . Fe, in particular, is known to be susceptible to oxidation (Crittenden et al. ) and since the experimental apparatus (Figure 1 ) is a closed loop system, the flow of the concentrate back into the feed tank promotes rapid mixing of the wastewater sample. This rapid mixing is similar to aerating a pond to increase dissolved oxygen content. As a result, the process may facilitate the formation of insoluble iron and other metal oxides, resulting in the deposition of oxide particles onto the surface of the RO membrane (Figures 11(b) and 11(c) ). Such fouling would be expected to be further intensified as the pressure increases (Figure 11(c) ).
On the other hand, the highly organic character of the oily and beverage production wastewater samples resulted in relatively higher permeate fluxes for the RO membrane.
Such a wastewater characteristic could be considered appropriate for the RO membrane, which is known to be effective in the separation of organic molecules (Pinnekamp & Friedrich ). Because these wastewaters mostly contain organic contaminants, less severe membrane fouling might be expected, even at a high TMP of 1.38 MPa, and this is apparent from the electron micrographs shown in
Figures 12(a) and 12(b). Aside from higher permeate fluxes, the RO membrane used also had high conductivity and COD reduction rates. For the oily wastewater sample, conductivity and COD reduction rates were more than 96.0 and 98.0% respectively. For the beverage production wastewater sample, conductivity and COD reduction rates were both more than 98.0%. Conductivity and COD reduction rates for both the beverage production and oily wastewater samples appeared to be dependent on applied TMP (Figures 13(a) and 13(b) ).
An NF (DL series) membrane was also evaluated with respect to the metals wastewater sample since this type of membrane has been reported to be effective in removing heavy metals present in wastewater streams (Ahn et al. The superior performance of the NF membrane for show values of more than 60.0% at all TMPs used (Figure 16(a) ). This suggests that a single pass system is not enough if water reclamation is aimed at replacing drinking quality water to be supplied to processes. In terms of COD reduction, the RO membrane appears to have relatively higher reduction rates than the NF membrane ( Figure 16(b) ). For the RO membrane, COD reduction rates were more than 94.0%, while for the NF membrane, COD reduction was just above 74.0%. In general, conductivity and COD reduction rates were slightly dependent on TMP -as TMP increased, reduction rates slightly increased.
Both NF and RO membranes showed rejection rates of more than 99.0% for the metals Mn, Ni and Zn. 
Energy consumption
In general, improvements in permeate fluxes and reduction/ rejection rates of critical water quality parameters were achieved at higher TMPs. However, maintaining higher TMPs usually involve the consumption of substantial amounts of energy, especially for systems requiring larger pumps (Agana et al. ) . To investigate this further at a laboratory-scale level, the average power consumption (P, kW) of the pump motor for each experiment run was recorded.
The recorded power consumptions were subsequently used to calculate total energy consumptions (EC T , kWh) using Equation (6):
where t is the experiment duration (hours). Tables 3 and 4 show the energy consumption for all the membranes used on specific wastewater samples.
For the UF experiments, minimal increase in energy consumption was obtained when TMP was increased from 0.2 to 0.4 MPa ( manufacturer's metals wastewater sample. The low energy consumption of the RO membrane can be attributed to its inherent characteristic of being a low-pressure membrane.
CONCLUSIONS
The above experiments demonstrated the suitability of selected polymeric membranes for the reclamation of different wastewater streams generated by a car manufacturer and a beverage producer. Based on these results, the following conclusions may be drawn:
1. Neither the JW and MW UF membranes can be used directly as pretreatment for the oily wastewater stream due to the presence of suspended CED paint particles.
Although particle deposition can be minimized by increasing the CFV, membrane cleaning of the deposited CED paint particles is the main problem. The nature and frequency of cleaning to remove the deposited CED paint particles may significantly degrade the membrane material -leading to a shorter membrane lifespan.
2. Of the two UF membranes tested on the beverage production wastewater stream, the JW membrane proved more suitable for pretreatment than the MW membrane.
Flux decline rates for the JW membrane were lower as compared to the MW membrane. Likewise, for this specific wastewater stream, the JW membrane showed higher reduction rates with respect to critical water parameters such as turbidity and TOC.
3. The JW membrane was also suitable for pretreatment of the metals wastewater stream. It showed lower flux decline rates and higher turbidity and TOC reduction rates compared to the MW membrane.
4. The RO (AK) membrane was suitable for use in the reclamation of two wastewater streams -the oily and beverage production wastewaters. Fouling rates of the RO membrane at these two wastewater streams were slow as reflected by the permeate flux decline rates. Furthermore, reduction rates of critical water quality parameters such as conductivity and COD were high.
5. The NF (DL) membrane was more suitable than the RO (AK) membrane for the reclamation of the metals wastewater stream. Permeate fluxes obtained for the NF membrane at all TMPs used was significantly higher compared to the RO membrane. In terms of metals rejection, the NF membrane generally had higher metals rejection rates than the RO membrane. Although the NF membrane had relatively higher permeate fluxes, its conductivity and COD reduction rates were just above 66.0 and 74.0% respectively. Therefore, the use of a single pass system is not sufficient if reclaimed water is intended for processes requiring drinking quality water (water supplied by a local water utility).
6. Not unexpectedly, the energy consumptions for all the membranes used were dependent on TMP: as TMP increased, energy consumption also increased. It was found that energy consumption of the RO membrane was comparable to the energy consumption of the NF 
